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Edited by Bernd HelmsAbstract Many mono or multicellular organisms secrete solu-
ble proteins, referred to as protein toxins, which alter the behav-
ior of foreign, or target cells, possibly leading to their death.
These toxins aﬀect either the cell membrane by forming pores
or modifying lipids, or some intracellular target. To reach this
target, they must cross one of the cellular membranes, generally
that of an intracellular organelle. As described in this mini-
review, lipids play crucial roles in the intoxication process of
most if not all toxins, by allowing/promoting binding, endocyto-
sis, traﬃcking and/or translocation into the cytoplasm.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Many pathogenic organisms produce protein toxins to kill
or modify the behavior of their target eukaryotic host. These
organisms include bacteria and parasites but also eukaryotes
such as sea anemones. The mode of action of toxins can be
very diverse. Some aﬀect the plasma membrane by puncturing
holes while other have lipase activity, such as sphingomyelin-
ases or phospholipases, and thus modify the lipid composition
of membrane and can lead to the production of second mes-
sengers such as ceramide. More of half of the known bacterial
toxins however carry an enzymatic activity that is aimed at
modifying a cytosolic target. These activities include ADP-
ribosyl transferases, glucosylating enzymes, proteases, adenyl-
ate cylases. The targets are equally diverse and are general
molecules that carry out or regulate key cellular functions such
as protein synthesis, organization of the actin cytoskeleton,
signaling or regulated membrane fusion. Although there might
not always be a direct apparent link between these proteins
and lipids, lipids or lipid domains play essential roles in the
intoxication process of most if not all toxins. In the present
minireview we will restrict ourselves to protein toxins, thus
excluding peptides and venoms. Lipid modifying toxins (lip-
ases) will also be excluded. A hand-full of well-characterized
toxins have been selected to illustrate the importance of lipids
in mediating toxin binding, multimerization when necessary,
signalling, endocytosis and intracellular traﬃcking.*Corresponding author. Fax: +41 021 693 9538.
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Most of the minireview will be focused on the large family of
pore-forming toxins (PFTs), the Anthrax toxin, Cholera and
Shiga toxins and the vacuolating toxin VacA of Helicobacter
pylori. The bird eye view of their respective mode of action
is as follows. PFTs are produced by organisms as diverse as
bacteria, parasite and sea anemones [1]. Although initially sol-
uble, they have the capacity to form channels in target cell
membranes, leading to the permeabilization to small ions
and sometimes proteins. Examples include aerolysin from Aer-
omonas hydrophila, listerolysin O from Listeria monocytogenes,
actinoporins from the sea anemones or lysenin from the earth-
worm Eisenia fetida (Table 1).
The other toxins dealt with in this minireview are so-called
AB toxins. These toxins are either multidomain or multisub-
unit proteins, where the A subunit carries the enzymatic activ-
ity and the B subunit is responsible for target cell binding and
escorting the A subunit to its ﬁnal destination, generally the
cytoplasm. Some of the relevant features of the AB toxins dis-
cussed in this review are summarized in Table 2. Cholera toxin
is formed by a pentameric B subunit and an A subunit en-
dowed with an ADP-ribosyltransferase activity that modiﬁes
the stimulatory Gsa subunit of heterotrimeric G proteins
thereby interfering in the cAMP signaling in the cell, the con-
sequence of which is an increased Cl secretion followed by
water eﬄux leading to secretory diarrhea [2]. The B subunit
of Shiga toxin is similarly pentameric, but its A subunit has
an N-glycosidase activity capable of modifying the 28S rRNA
thus impairing binding of elongation factors and inhibiting
protein synthesis [3]. The B subunit of the Anthrax toxin,
called the protective antigen or PA, is initially monomeric
but undergoes heptamerization after a cellular surface proteo-
lytic activation step. Heptameric PA subsequently acts as the
receptor of the two enzymatic subunits: the lethal factor
(LF), a metalloprotease that cleaves MAP kinase kinases,
and edema factor (EF), a calmodulin dependent adenylate cy-
clase [4]. Finally VacA, is also thought of as an AB toxin be-
cause the protein is composed of two domains separated by
a cleavage motif. No enzymatic activity has however been
found for the A subunit which surprisingly has the ability to
form anion selective transmembrane channels [5].3. Lipids in toxin binding
Lipids allow or contribute to the binding of a wide range of
toxins in a variety of ways. Some toxins use lipids as theirblished by Elsevier B.V. All rights reserved.
Table 1
Toxin–lipid interactions
Toxin Organism Lipid Interaction required for References
Pore-forming
a-toxin Clostridium septicum GPI-APs Binding [12]
Oligomerization [13]
Actinoporins Sea anemones Rafts Binding [35]
Aerolysin Aeromonas hydrophila GPI-APs Binding [74]
Rafts Oligomerization [33]
Cry11Aa Bacillus thuringiensis GPI-APs Binding [18]
Cry1A Bacillus thuringiensis Rafts Binding [37]
Cry 5B Bacillus thuringiensis Glycolipids Binding [11]
Intermedilysin Streptococcus GPI-APs Binding [29]
Intermedius (CD59) Pore-formation [8]
Listeriolysin O Lysteria Rafts Binding [36]
monocytogenes Oligomerization [40]
Signaling
Lysenin Eisenia fetida Sphingomyelin Binding [10]
Rafts Oligomerization [75]
Signaling [41]
Perfringolysin O Clostridium Cholesterol Binding [34]
perfringens Rafts Oligomerization [29]
pore-formation
Streptolysin O Streptococcus Cholesterol Binding [29]
pyogenes Rafts Pore-formation
Enzymatically active toxins
Anthrax toxin Bacillus anthracis Rafts Oligomerization [57]
Endocytosis [19]
Signaling




Iota toxin Clostridium Rafts Oligomerization [77]
perfringens Endocytosis [62]
[63]




Tetanus toxin Clostridium tetani Rafts Oligomerization [16]
Endocytosis
VacA Helicobacter pylori Rafts Oligomerization [67–70]
Traﬃcking [78]
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to the ganglioside GM1 [6], Shiga toxin that binds the globo-
side Gb3 [7], the cholesterol dependent toxins (CDTs, such
as streptolysin O, listeriolysin O and pneumolysin), which with
some exceptions (see below, [8]) bind cholesterol [9] and ﬁnally
the earthworm PFT lysenin which binds to sphingomyelin [10].
It was recently shown that glycolipids in C. elegans also act asreceptors for the Bacillus thuringiensis pore-forming toxin Cry
5B, a toxin that speciﬁcally aﬀects nematodes [11].
Other toxins use lipid-anchored proteins, namely glycosyl-
phosphatidyl anchored proteins (GPI-APs), as receptors.
Interestingly some toxins, such as the b-PFTs aerolysin and
Clostridium septicum a-toxin, bind to the glycan core of the
GPI-anchor, that separates the lipid moiety from the protein
Table 2
AB toxins discussed in this minireview
Toxin (review) Receptor Structure Catalytic activity (A subunit) Target Cellular outcome
Anthrax
toxin [4]
TEM8, CMG2 Three independent polypeptide chains:
EF, LF, PA. PA becomes heptameric









Unknown Two independent polypeptide chains:
Ia and Ib. Ib becomes heptameric
after contact with host cell
ADP-ribosyltransferase G-actin Cell rounding
VacA [65] Unknown One single polypeptide chain with 2
subunits. Becomes hepta or hexameric
after contact with the host cell










GM1 Two independent polypeptide chains:






Gb3 Two independent polypeptide chains:
A and B, B being pentameric: A-B5
N-glycosidase 28s rRNA Impairment in
protein synthesis
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moiety, in this particular case CD59 [8]. Binding can also occur
on N-linked glycans of the GPI-anchored proteins. This is the
case for aerolysin which binds both to the gylcan core of the
anchor and the N-linked sugar of the protein [14]. Involvement
of GPI-anchored proteins was also proposed for binding of
H. pylori vacuolating toxin VacA and Tetanus toxin [15,16],
but in what way remains to be established. Interestingly the
role of GPI-APs as toxin receptors is not restricted to mamma-
lian cells. The insecticidal B. thuringiensis toxins Cry1Ac and
Cry11Aa were indeed found to bind to the GPI-anchored ami-
nopeptidase N [17] and an alkaline phosphatase [18] respec-
tively, in the midgut of susceptible insects.
Recently a more unexpected role for lipid modiﬁcations in
toxin binding was unraveled for the Anthrax toxin [19]. An-
thrax toxin can bind to two receptors, TEM8 and CMG2, that
share high homology both in the extracellular domains and the
cytoplasmic tails [20]. It was shown that the surface half-life of
these type I membrane proteins is crucially dependent on
palmitoylation of the cytoplasmic tail on multiple cystines
[19]. This modiﬁcation prevents the association of the recep-
tors with cholesterol rich surface domains, or lipid rafts [21],
and thus the encounter of the receptor with the ubiquitin ligase
Cbl, which modiﬁes the receptors on speciﬁc lysine thereby tar-
geting it for endocytosis and subsequent degradation. Thus in
the absence of palmitoylation, the receptor is constitutively
down regulated and unavailable for toxin binding, leading to
increased toxin resistance.
Finally lipid modiﬁcations are not only found on the toxin
receptors, but may occur on the toxins themselves. This was
shown for the Bordetella pertussis adenylate cyclase toxin
CyaA, which forms cation-selective membrane channels and
delivers into the cytosol of target cells an adenylate cyclase do-
main that catalyzes uncontrolled conversion of cellular ATP to
cAMP [22]. The activity of the toxin depends crucially on post-
translational palmitoylation of two lysine residues, which in
particular promote binding [22,23].
As summarized above, many toxins bind to lipid head
groups, or modiﬁcations thereof. These sites are clearly not
the most accessible, especially on the highly glycosylated apicalsurfaces of polarized cells. The fact that the binding step itself
often involves a protein–sugar interaction suggests that in
addition to the high aﬃnity ﬁnal interaction, these toxins
might have low aﬃnity interaction with sugar moieties at the
cell surface that would provide a shuttling mechanism towards
the membrane interface [24]. This ﬁnal destination is clearly of
beneﬁt to PFTs since the hydrophobic surface generated
through toxin multimerization can then drive spontaneous
membrane insertion, rather than inactivation by aggregation.4. Membrane inserting toxins
4.1. Pore-forming toxins (PFTs)
PFTs, which are generally >20 kDa in size, form transmem-
brane channels either via insertion of a de novo generated
transmembrane b-barrel (b-PFTs, examples include aerolysin
from A. hydrophila, a-toxin from Staphylococcus aureus, liste-
riolysin and pneumolysin), or they insert a bundle of preexist-
ing hydrophobic or amphipathic a-helices into the membrane
(a-PFTs, examples include insecticidal d-toxin, sea anemone
actinoporins). They all share the same overall mode of action
[25]: they are secreted as soluble monomers that diﬀuse to the
host cell surface to which they bind via a speciﬁc toxin–recep-
tor interaction. Binding can be followed by a proteolytic cell
surface activation process, such as for aerolysin [26]. In all
cases, binding is followed by a multimerization step. Although
the consensus is that more than one monomer is required for
channel formation, the stochiometry of the oligomers has often
been diﬃcult to establish for a-PFTs with some notable excep-
tions such as actinoporins. In contrast b-PFT assemble into
well-deﬁned, stable ring-like structures that have been amena-
ble to structural studies. Circular oligomerization involves
extensive monomer–monomer interactions and the assembly
of a central b-barrel to which each monomer contributes a
b-hairpin formed of alternating hydrophilic and hydrophobic
residues. In contrast to b-PFT, in which the entire pore lumen
is composed of protein, a-PFT pores are proposed to be
formed of protein and lipid molecules [27,28], the so-called tor-
oid model, reminiscent of pores formed by peptides such as
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size of the channel varies between PFT toxins. Whereas acti-
noporins and aerolysin form channels of 2 nm in diameter
through the contribution of 4 [27] and 7 monomers, respec-
tively, listeriolysin and other members of the cholesterol
dependent toxin family form channels of up to 100 nm in
diameter, through the contribution of 50 monomers.
Although lipids must clearly play a role in the ﬁnal step of
pore formation, i.e. membrane insertion, little is know about
this process. It has been shown that for cholesterol dependent
toxins, the transition of the membrane bound oligomer, or pre-
pore, to the ﬁnal channel depends on cholesterol [29], in addi-
tion to its initial role in binding. Channel formation by aerol-
ysin in artiﬁcial bilayers was found to be facilitated by lipids
that promote non-bilayer structures [30].
4.2. Translocation domains of AB toxins
The A subunits have enzymatic functions that are generally
directed toward cytoplasmic targets. Reaching the cytoplasm
implies crossing a target cell membrane. Whereas certain tox-
ins such as Shiga and Cholera toxins utilize the host cell tran-
slocon to cross the lipid bilayer, after retrograde traﬃcking to
the endoplasmic reticulum (ER) (see below), most toxins en-
sure their own membrane translocation through the action of
their B subunit. As for PFTs, two classes of translocation do-
mains exist: those that insert pre-existing hydrophobic helices
into the membrane, as is the case of Diphtheria toxin, and
those that generate de novo a transmembrane b-barrel, as is
the case for the protective antigen of the Anthrax toxin.
Whereas the latter allow the translocation of the A subunits
through a fully proteineacous channel, the former most likely
mediate translocation at a protein lipid interface. Thus mem-
brane lipid composition could aﬀect both membrane insertion
and translocation. For example, membrane insertion and/or
toxin translocation of Diphtheria toxin was reported to be
more eﬃcient in sphingomyelin deﬁcient cells [31].5. Toxins and lipid domains
As described above, cholesterol, ganglioside, sphingomyelin
and GPI-anchored proteins are preferential toxin receptors.
These diﬀerent molecules are well documented to associate
with small, transient but functionally important lipid microdo-
mains, the so-called lipid rafts [21]. Many bacterial toxins take
advantage of the particular features of lipid rafts to perform
their toxic action [32]. Conversely, toxins have been found to
trigger the formation of lipid platforms or domains.
5.1. Rafts as concentration platforms
Pore-formation by most, if not all, PFTs requires homo or
hetero oligomerization. The number of monomers that con-
tribute to the pore typically varies between 4, as for actinopo-
rins, to 50 for the cholesterol dependent toxins. Considering
that these toxins are active at very low concentrations (typi-
cally below 1 nM), mechanisms that allow encounter of mono-
mers promote intoxication. Whereas clearly the transition
from a three dimension space to the two-dimensional space
of the lipid bilayer constitutes a major concentration mecha-
nism, toxins additionally make use of the non-homogenous
nature of biological membranes to concentrate in lipid micro-
domains and in particular those rich in cholesterol and glyco-sphingolipids [32]. The ﬁrst example of a raft associated PFTs
was aerolysin, for which raft disruption was shown to reduce
the kinetics of oligomerization [33]. Since then multiple pore-
forming toxins such as perfringolysin [34], actinoporins [35],
listeriolysin O [36] and the insect toxin Cry1A [37] were found
to associate with detergent resistant membrane, a widely used
biochemical criteria that should however not be considered as
equivalent to lipid rafts [38].
5.2. Toxin induced raft formation/clustering
Whereas lipid microdomains have been shown to promote
toxin multimerization, the reverse has also been observed: that
binding of multimeric toxin or toxin multimerization can in-
duce the formation of lipid domains competent for signaling.
Pentavalent binding of Cholera toxin and Shiga toxin to
GM1 and Gb3, respectively, has long been proposed to gener-
ate a high aﬃnity interaction. It has however more recently
been proposed that Shiga toxin forms or stabilizes clusters of
its receptors and that this leads to signaling [39]. The most
striking example of raft clustering is however the association
of molecules such as GM1, GPI-anchored proteins and the
src-like kinase Lyn by listerolysin O [36,40]. This ability to
cluster raft-like domains required toxin oligomerization, but
not channel formation, and led to tyrosine phosphorylation
events, indicating that clustering triggered intracellular signal-
ing [36,40]. Similarly formation of sphingomyelin clusters by
the earthworm lysenin was found to trigger signalling events
such ERK phosphorylation [41].6. Lipid domains as traﬃcking devices
Interestingly, the toxins that require access to the cytoplasm
to exert their action, never, with the possible exception of the
Bordetella adenylate cyclase, cross the plasma membrane, pre-
sumably because pore-formation by the translocation domain
at the plasma membrane is too detrimental to the cell. Instead
toxins enter cells via speciﬁc pathways and are then routed to
diﬀerent intracellular organelles from where translocation into
the cytoplasm takes place. We will here focus on few examples
where lipids were shown to play a major role in directing traf-
ﬁcking. The internalization and traﬃcking routes of the chosen
toxins are represented schematically in Figs. 1 and 2. More
extensive overviews of intracellular routes of bacterial toxins
are available is some recent reviews [3].
6.1. Cholera and Shiga toxins
Having glangliosides as receptors, Cholera and Shiga toxins
are the prototypes of toxins that undergo lipid raft dependent
traﬃcking [42,43]. Entry can however occur via multiple path-
ways: clathrin-dependent, caveolar-dependent and clathrin
and caveolae independent routes [3,44]. The toxins are then
delivered to early endosomes, possibly through the GPI-an-
chored protein enriched endosomal compartment (GEEC)
[45–47]. At the level of early and recycling endosomes (EE/
RE), a sorting process takes place that leads to the rerouting
of the toxins to the biosynthetic pathway, ﬁrst the Trans Golgi
Network (TGN) and then the ER, without passing through
late endosomes (reviewed in [48,49]). Retrograde traﬃcking
from EE/RE directly to the Golgi was ﬁrst described for Shiga
toxin but has subsequently been shown to accommodate




























Fig. 1. Schematic representation of the internalization routes followed by Anthrax toxin (AT), Cholera toxin (CT), Diphtheria toxin (DT), Shiga
toxin (ST) and VacA. Toxins can be transported from the plasma membrane to the early endosomes by a variety of pathways including the clathrin
dependent pathway, the caveolar pathway and the clathrin and caveolin independent route, which is also independent of dynamin. The non-clathrin,
non-caveolar route used by VacA depends on the activity of the small GTPase cdc42 and involves the passage through GEECs (GPI-AP enriched
endosomal compartment) before arrival to early endosomes. With the exception of DT, all the toxins depicted associate with lipid rafts at the surface
of target cells, either by binding a receptor that is already localized in rafts (as is the case for CT and ST), or by promoting raft translocation of the
receptor after toxin oligomerization, as for AT.
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the ER however also appears to depend on cholesterol rich
domains and it has been proposed that GM1 and Gb3 clusters
provide the sorting motifs for retrograde transport of Cholera
toxin and Shiga toxin respectively [54]. Once transported to the
ER, the A subunit is recognized by ER chaperones and folding
enzymes as a misfolded protein and targeted to retro-translo-
cation through the sec61 translocon [44]. When reaching the
cytoplasm, the A subunit avoids polyubiquitination and pro-
teasome mediated degradation due to its unusually low abun-
dance of lysine residues. Modiﬁcation of stimulatory Gsa
subunit of heterotrimeric G proteins by Cholera toxin or of
the 28S rRNA by Shiga toxin can thus occur.
6.2. Anthrax toxin
As mentioned above, the Anthrax toxin receptors are type I
membrane proteins that reside in the glycerolipidic, i.e. non-
raft, regions of the plasma membrane. Remarkably, the exclu-
sion form raft domains is due to palmitoylation of the recep-
tors [19]. However, upon binding and heptamerization of the
protective antigen – the Anthrax toxin B subunit – the negative
eﬀect of palmitoylation is overcome and the toxin–receptor
complex associates with, or generates de novo, lipid raft-like
domains. This new membrane environment allows the recep-
tors to undergo a second post-translational modiﬁcation,
which is ubiquitination by the E3 ligase Cbl, a process that
subsequently drives rapid endocytosis [55], via a clathrin
dependent pathway [56]. Thus, controlled surface distribution
of Anthrax toxin receptors ensures proper timing of toxin en-
try: to ensure a productive endocytosis, Anthrax toxin couples
raft translocation and endocytosis of its receptor with the
oligomerization of protective antigen and therefore the binding
of the catalytic subunits.
Once internalized via clathrin-coated vesicles, the hetero
oligomeric toxin receptor complex is delivered to early endo-
somes. There, through a mechanism that might depend on raft
association, receptor ubiquitination or both, the complex is
sorted into multivesicular endosomes [57,58]. At the acidicendosomal pH, the enzymatic subunits are subsequently trans-
located, through the protective antigen pore [59,60], to the lu-
men of intraluminal endosomal vesicles [57]. Within these
vesicles the enzymatic subunits are transported to late endo-
somes where back fusion of the intraluminal vesicles with the
limiting membrane of the organelle allows the release of the
subunits into the cytoplasm.
The Clostridium perfringens Iota toxin, which as Anthrax
toxin is a binary toxin with an enzymatic Ia subunit and a
receptor binding Ib subunit, was similarly shown to associate
with lipid rafts upon multimerization of Ib and to require these
domains for assembly and cell entry [61,62]. In contrast to An-
thrax toxin, its endocytosis is slower and translocation of Ia,
which ADP-ribosylates skeletal muscle a-actin and nonmuscle
b/c-actin [63], into the cytosol appear to occur earlier in the
pathway at the level of early endosomes [64].
6.3. Helicobacter vacuolating toxin
H. pylori produces a very intriguing 88 kDa toxin called vac-
uolating toxin A (VacA) due to its ability to trigger vacuola-
tion of late endosomes [65]. As mentioned, the toxin is
composed of two domains, none of which appear to have enzy-
matic activity. In contrast the A subunit form anion selective
pores in the plasma membrane [5], late endosomes and possi-
bly mitochondria [66]. The monomeric toxin binds to the tar-
get cell presumably by interacting with speciﬁc cell surface
receptors, the identity of which remains somewhat confusing
[65]. Circular polymerization into a hexamer then occurs fol-
lowed by insertion into the plasma membrane as well as endo-
cytosis [15]. Despite the confusion regarding the receptor(s) of
VacA, there is a consensus on the requirement for raft associ-
ation to promote toxin entry [67–69]. Endocytosis occurs via a
lipid raft and cdc42-dependent, clathrin and dynamin indepen-
dent pathway [70] very similar to that described for GPI-an-
chored proteins [71] similarly leading to the GEEC, which
are tubular structures devoid of transferrin, caveolin and early
endosomal markers, containing ﬂuid phase markers and GPI-




























Fig. 2. Intracellular traﬃc of Anthrax toxin (AT), Cholera toxin (CT), Diphtheria toxin (DT), Shiga toxin (ST) and VacA. Once endocytosed, toxins
are transported directly or indirectly to early endosomes which represent either a sorting station or the site from where translocation into the
cytoplasm occurs (as for DT) due to membrane insertion of the B subunit at the acidic endosomal pH. The B subunit of AT forms a channel
preferentially on the internal membranes of the forming multivesicular bodies (MVB, also called endosomal carrier vesicles or ECV), thereby
accumulating the A subunit in the lumen of these vesicles. Some toxins such as AT and VacA continue their journey to late endosomes. VacA is
associated with rafts throughout all its traﬃc until late endosomes, which can be altered by the anion-speciﬁc channels formed by its A subunit. In
contrast AT does not alter the compartment but uses it as an entry site to the cytoplasm upon back-fusion of the internal vesicles with the limiting
membrane. Other toxins such as CT and ST are sorted from early endosomes to the trans golgi network (TGN) and the Golgi for subsequent
transport to the endoplasmic reticulum (ER), using protein and lipid based sorting mechanisms dependent on lipid raft association. The enzymatic A
subunits are ﬁnally translocated to the cytosol from the ER, hijacking the cellular machinery that exports unfolded proteins for degradation by the
proteasome.
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endocytosis but also aﬀect later stages such as late endosomal
vacuolation, possibly due to a transport defect [67]. Indeed, it
has been shown that VacA remains associated to lipid rafts
through out the endocytic pathway [70] again much like
GPI-anchored proteins [72].7. Concluding remarks
Whereas toxins clearly require lipids to intoxicate cells, they
have also been very powerful tools to study lipids and lipid do-
mains. Cholera toxin is probably the most wildly used marker
of lipid rafts, aerolysin is increasingly used to study GPI-an-
chored proteins, Cholera and Shiga toxin have paved the
way to understanding lipid mediated retrograde transport to
the biosynthetic pathway, vacA has been proposed as the mar-
ker of choice to study raft dependent and clathrin and caveo-lin-independent endocytosis. Recent studies indicate that
toxins such as lysenin only recognize speciﬁc arrangements
of lipids, highlighting particular membrane organizations
[73]. It thus appears that toxins still have much more to tell
us about lipids and in particular the organization and function
of lipid microdomains.
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